Purpose-To investigate the disease detection rate, diagnostic performance and interobserver agreement of fluciclovine ( 18 F) PET-CT and multiparametric magnetic resonance imaging (mpMR) in recurrent prostate cancer.
INTRODUCTION
Management of recurrent prostate cancer poses a challenge since therapeutic options vary by the nature of the recurrence [1] . Salvage local therapy is feasible for disease in the prostate, pelvic locoregional spread may be treated via external beam radiation, while more systemic disease is typically managed with androgen deprivation therapy.
Although conventional imaging techniques like computed tomography (CT), routine magnetic resonance imaging (MRI) and bone scintigraphy are commonly utilized in the evaluation of prostate cancer recurrence, their performance is suboptimal [2, 3] . On the other hand, molecular imaging techniques for recurrent prostate cancer using choline, fluciclovine ( 18 F) and newer PSMA-ligand positron emission tomography (PET) radiotracers are becoming increasingly recognized for their value [4] [5] [6] .
Upregulation of amino acid transport has been described in prostate and other cancers [7] . One synthetic amino acid positron emission tomography (PET) radiotracer which exploits this principle for prostate cancer detection is anti-1-amino-3-[ 18 F] fluorocyclobutane-1-carboxylic acid (FACBC, fluciclovine ( 18 F)). Fluciclovine is transported mainly by the alanine-serine-cysteine transporter ASCT2 and to a lesser extent by system L amino acid transporter LAT1 [8] . Based upon favorable clinical data, fluciclovine was approved by the United States Food and Drug Administration (FDA) in May, 2016 for imaging of suspected prostate cancer recurrence based on elevated blood prostate-specific antigen (PSA) levels following prior treatment [9] [10] [11] [12] [13] .
We have previously described superior performance of fluciclovine PET-CT compared with CT and 111 In-capromab pendetide in the diagnosis of recurrent prostate cancer [11, 14] . In the present study, our goal was to prospectively investigate the value and inter-observer variability of fluciclovine PET-CT in patients undergoing restaging for recurrent prostate cancer compared with multiparametric MR (mpMR), specifically in a non-prostatectomy population.
MATERIALS AND METHODS

Patient Selection
Following institutional review board approval and informed consent, 25 patients with suspected recurrent prostate cancer who had earlier undergone non-prostatectomy definitive therapy were recruited into a prospective clinical trial. Inclusion criteria included suspicion of recurrent prostate cancer based on elevated PSA > nadir + 2 ng/ml with absolute PSA ≥ 4.0 ng/ml with any doubling time (DT) or with PSA 2.0-3.99 ng/ml with DT ≤10 months. The selection criteria were established to maximize the possibility of nodal spread to acquire tissue for a related histologic study. Additional enrollment criteria included >1 year time lapse post-cryotherapy, external beam radiation, or high-intensity focused ultrasound (HiFU); or greater than 2 years for brachytherapy. A key exclusion criterion was bone scan findings characteristic for skeletal metastasis.
Imaging Protocol
PET-CT-Fluciclovine preparation was completed as earlier reported [15, 16] . Patients fasted for at least 4 hours following which oral contrast was given and scanning completed on a GE Discovery MV690 PET-CT scanner (GE Healthcare, Wauwatosa, WI). An initial CT scan was completed for attenuation correction (approximately 100 mAs) and 370.0±13.0 MBq (10.0±0.35mci) of fluciclovine was then intravenously infused via pump over two minutes, followed by a 3 minute wait to allow for blood pool clearance. A 2.5 min/bed emission acquisition from pelvis to diaphragm (5-15 minute) was performed and then immediately repeated (15.5-25.5 min). Images were reconstructed with iterative technique (VUE Point Fx; 3 iterations, 24 subsets. filter cutoff 6.4 mm, GE Healthcare, Wauwatosa, WI) and transferred to a MIMVista work station (MIM Software; Cleveland, OH) for interpretation.
MRI-Abdominopelvic MRI through the prostate was performed on a 1.5 T Aera MR scanner (Siemens Healthcare, Erlangen, Germany) using multiple Body 18 coils and the Spine 32 coil. MR parameters are outlined in Table 1 . The number of slice groups was modified to account for variation in patient height. To aid visualization, slice groups were composed and apparent diffusion coefficient (ADC) maps generated. Each b-value was displayed in an inverted grayscale, and rotating coronal and sagittal maximum-intensity projections (MIPs) were created.
Image Interpretation
PET-CT-Interpretation was completed independently by two board certified nuclear medicine physicians (P1 with 20 years' and P2 with 30 years' experience) per previously reported dual-time point criteria [14, 17] . Briefly, abnormal persistent uptake with at least moderate (> marrow SUVmean at L3) activity between early and delayed sequences was considered malignant. Both interpreters were blinded to specific history, PSA and other imaging, including mpMRI. The seminal vesicles were evaluated as part of the prostate region.
mpMR-MR studies were interpreted by two board-certified abdominopelvic radiologists (M1 with 12 years' and M2 with 6 years' subspecialty body MR experience) on a Picture Archiving and Communication System (Centricity; GE Medical Systems, Milwaukee, WI), using standard institutional criteria taking into consideration anatomic morphology, perfusion analysis and DWI criteria. Low signal intensity on T2-weighted images, restricted diffusion on diffusion-weighted images, and arterial enhancement with delayed washout on dynamic contrast enhanced imaging were considered suspicious features. Lesions were regarded as malignant if they had at least one suspicious feature, and confidence was increased if there were a combination of abnormal features. As with fluciclovine, both interpreters were blinded to specific history, PSA and other imaging, and the seminal vesicles were evaluated as part of the prostate region.
Degree of Confidence-The degree of confidence of interpretation of each reader was recorded using a 5-point Likert scale with "1" denoting definitely benign, "2" probably benign, "3" equivocal, "4" probably malignant, and "5" definitely malignant. The 5-point scale reflects the degree of confidence of the readers and is not intended to simulate the Prostate Imaging Reporting and Data System (PI-RADS) score. For the primary analysis, scores of 1-3 were considered negative. A secondary analysis where all equivocal interpretations were considered positive (scores 3-5) was also completed.
Reference Standard
Following image interpretation, biopsy of the prostate and/or extraprostatic lesions identified on imaging were obtained as clinically appropriate. Clinical follow-up information, including PSA course was collected. Anonymized clinical summaries of each patient were presented to a multidisciplinary truth panel for the purpose of achieving consensus regarding the absence or presence of disease in the prostate and extraprostatic locations. The truth panel comprised two board certified urologists and one board certified radiation oncologist who were blinded to results of the study imaging (mpMR and fluciclovine PET-CT). To this end, results of histologic analysis were combined with clinical follow-up with an emphasis on PSA course and biochemical control after local salvage similar to previously reported consensus criteria [11, 14, 17] . Concordance between lesions identified on imaging and tissue obtained for histology were also ensured before assigning true positivity.
Statistical Analyses
Positivity rates were calculated for fluciclovine PET-CT and mpMR for each reader on a whole-body analysis and for prostate and extra-prostate locations. Kappa was used to assess agreement between readers. Values greater than 0.9 were considered as almost perfect agreement while values 0.8-0.9, 0.6-0.79, 0.40-0.59, 0.21-0.39, and ≤0.20 were regarded as strong, moderate, weak, minimal, and no agreement, respectively [18] . Diagnostic performance was computed in prostate and extra-prostate locations for each reader and confidence intervals were generated. Analysis was carried out using Statistical Analysis Software (SAS Version 9.4 SAS Institute Inc. Cary, NC) and Microsoft Excel 2010.
RESULTS
Demographics
Twenty-five patients meeting the inclusion criteria were recruited. One patient was excluded from the final analysis because the mpMR scan was not performed for logistic reasons. All participants underwent mpMR within 0-29 (mean ± SD=9.1 ± 7.3) days of undergoing fluciclovine PET-CT. Patients were followed up for an average ±SD of 22.9±10.5 months. Demographic information is shown in Table 2 .
Prior Therapy
In total, 16/24 (66.7%) patients had prior brachytherapy either alone (3/16), in combination with one additional therapy (8/16), or as part of three or more treatment modalities (5/16). Of the remaining eight patients, 3/8 had prior radiotherapy alone, 2/8 had three or more treatment modalities not including brachytherapy and the remaining three had proton therapy (1/8), cryotherapy alone (1/8) and cryotherapy plus hormonal therapy (1/8).
Scan Interpretation and Confidence
In the prostate bed, PET readers P1and P2 interpreted 24/25 studies as malignant (Likert 4 or 5), and 1/25 as benign (Likert 1 or 2). For mpMR, reader M1 interpreted 10/24 studies as malignant and 3/24 as benign; reader M2 interpreted 5/24 studies as malignant and 2/24 as benign. For PET readers P1 and P2, no patient was ranked "3" equivocal in the prostate on fluciclovine PET-CT, while 11/24 and 17/24 patients were considered equivocal by readers M1 and M2 respectively for mpMR.
In the extraprostatic region, PET reader P1 interpreted 8/25 studies as malignant, and 15/25 as benign; and reader P2 interpreted 8/25 studies as malignant, and 16/25 as benign. For mpMR, reader M1 interpreted 9/24 studies as malignant and 12/24 as benign; reader M2 interpreted 9/24 studies as malignant and 15/24 as benign. The number of equivocal interpretations in the extraprostatic region were 2/25 and 1/25 for readers P1 and P2, respectively; reader M1 had 3/24 equivocal extraprostatic interpretations and reader M2 had none.
Since one patient underwent PET but not mpMR, only 24 patients who underwent both exams were then included in the final analysis.
Inter-observer Variability and Kappa
The degree of agreement of interpretations was high for fluciclovine PET-CT with kappa (weighted) being 0.90 in the prostate and 1.0 in the extraprostatic region. There was greater variability with mpMR, with kappa values reflective of minimal agreement in the prostate (0.25) and moderate agreement in the extraprostatic regions (0.74).
Truth Verification/Reference Standard
In the prostate, 22/24 patients had sufficient proof for the absence or presence of disease. The remaining two had no biopsy or sufficient follow-up information to reach a consensus about disease status. Per the reference standard, 13/22 were determined to have prostate disease, all confirmed by histology. The remaining 9/22 had benign histology results.
In the extraprostatic region, 18/24 patients had sufficient information to establish the presence or absence of disease. Consequently, 8/18 patients were deemed to have extraprostatic disease; 7 of whom had biopsy proof, while one had correlative imaging: bone-directed MRI and bone scan. Of the remaining 10/18 who were considered negative for extraprostatic disease, one had biopsy proof, in addition to clinical and PSA follow-up, while the consensus for the remaining 9 was based on clinical and PSA follow-up.
Since 2 patients had disease in both the prostate and extraprostatic regions, on a per patient basis, 19 patients met the reference standard for presence of disease, with 18/19 (94.7 %) established histologically. On a regional basis, presence of disease was established via histologic confirmation in 13/13 (100%) patients in the prostate. For the extraprostatic region, presence of disease was established in 7/8 (87.5%) patients via histologic confirmation.
Disease Detection by Imaging
For readers P1 and P2, positive uptake was observed on fluciclovine PET-CT for all 13 patients who were determined to have prostate disease (histologic proof) (Table 3) , resulting in a fluciclovine PET-CT disease detection rate of 100% (13/13) in the prostate. Multiparametric MRI had a detection rate of 38.5% (5/13) for reader M1 and 15.4% (2/13) for reader M2.
In the extraprostatic region, 8 patients were considered positive for disease. Of these, 7 had a positive fluciclovine PET (readers P1 and P2). Thus, in the extraprostatic region, fluciclovine PET-CT had a detection rate of 87.5% (7/8), while mpMR had detection rates of 50.0% (4/8) and 75.0% (6/8) for readers M1 and M2 respectively (Table 3 ).
Although 13 and 8 patients were positive for prostate and extraprostatic disease respectively, 2 patients had concurrent disease in both regions. Therefore, on a whole-body basis, 19 patients were determined to have disease. Of these, fluciclovine PET-CT detected disease in 18/19 with the resulting detection rate being 94.7%, while mpMR had detection rates of 36.8% (7/19) and 31.6% (6/19) for readers M1 and M2 respectively. There was no true positive lesion on mpMR that was not detected by fluciclovine PET-CT.
Diagnostic Performance
Prostate-In total, 22 of the 24 patients met the reference standard for the determination of disease status in the prostate (Table 3) . Diagnostic performance for fluciclovine PET in the prostate was sensitivity of 100%, specificity of 11.1%, and PPV of 61.9%. For mpMR, sensitivity ranged from 15.4-38.5%, specificity: 55.6-77.8% and PPV: 50.0-55.6%. Full details of diagnostic performance are as shown in Table 3 . Figure 1 is an example of concordant interpretation in the prostate.
Extraprostatic-Eighteen of 24 patients met the reference standard for the determination of disease status in the extraprostatic region (Table 3) . Diagnostic performance in the extraprostatic region for both PET readers was sensitivity of 87.5%, specificity of 90.0%, and PPV of 87.5%. For mpMR, sensitivity ranged from 50.0-75.0%, specificity: 70.0-80.0% and PPV: 57.1-75.0%. Details of diagnostic performance are shown in Table 3 . The single false positive extraprostatic interpretation for fluciclovine was secondary to uptake in lymphoma, and was also false positive on mpMR. Figure 2 is an example of discordant interpretation in the extraprostatic region.
Effect of Equivocal Interpretations on Diagnostic Performance
We also performed a secondary analysis of diagnostic performance considering score 3 interpretations as positive (Table 4 ).
Analyzing equivocal interpretations as positive improved the sensitivity of mpMR in the prostate bed for both readers M1 and M2 (38.5% to 92.3% for M1; 15.4% to 84.6% for M2) but reduced specificity for both readers (55.6% to 11.1% for M1; 77.8% to 0.0% for M2). There were no differences in diagnostic performance for PET readers with this analysis.
In the extraprostatic region, only the diagnostic performance for readers P2 and M1 changed with the alternative analysis. Sensitivity increased for reader M1 (50.0 to 62.5%) but specificity decreased (70.0% to 50.0%). For reader P2, sensitivity stayed the same; however, specificity reduced from 90.0 to 80.0%.
DISCUSSION
We set out to examine the relative value and inter-observer variability of fluciclovine ( 18 F) PET-CT and multiparametric MR in the detection of recurrent prostate cancer in patients post non-prostatectomy local therapy.
We found that fluciclovine PET-CT detected disease as established via the standard of truth in 13/13 (100%) and 7/8 (87.5%) patients in the prostate and extraprostatic regions respectively. This compares to 2/13-5/13 (15.4-38.5%) and 4/8-6/8 (50.0-75.0%) patients in the prostate and extraprostatic regions for mpMR, respectively. On a whole body basis, the detection rates were 94.7% for fluciclovine and 31.6-36.8% for mpMR. All lesions detected on mpMR were detected by fluciclovine PET-CT.
On a regional basis, the sensitivity of fluciclovine PET-CT in the prostate was 100.0%, but at the expense of specificity of 11.1% with a PPV of 61.9%. The specificity of mpMR in the prostate was higher, ranging from 55.6-77.8% but at the expense of sensitivity ranging from 15.4-38.5% with PPV of 50.0-55.6%. For extraprostatic disease detection, the diagnostic performance of fluciclovine PET-CT was superior to that of mpMR with sensitivity 87.5% and specificity of 90.0% for fluciclovine PET-CT with PPV of 87.5%, versus 50.0-75.0% sensitivity and 70.0-80.0% specificity for mpMR, with PPV of 63.6-80.0%. Inter-observer agreement was higher for fluciclovine PET-CT with kappa of 0.90 and 1.0 in the prostate and the extraprostatic regions, respectively. Kappa for mpMR was 0.25 in the prostate and 0.74 in the extraprostatic regions.
Our findings are important because 20-30% of prostate cancer cases recur after primary therapy [19] . Identifying the location of recurrence informs therapy decisions. Critically, detection of extraprostatic disease will alter therapy, often precluding local salvage therapy in favor of systemic androgen deprivation [1] . In this respect, the diagnostic performance of fluciclovine PET-CT was superior to that of mpMR, even in the alternative analysis in which equivocal lesions were considered positive, highlighting the utility of this radiotracer for more accurately restaging patients with recurrent prostate cancer, as we have previously reported [9, 11, 13, 14] .
In the prostate, though fluciclovine PET-CT had higher sensitivity at the expense of specificity for disease detection, mpMR demonstrated higher specificity at the expense of sensitivity. Interestingly, when MR indeterminate scores were analyzed as positive, diagnostic performance was similar to fluciclovine PET, with high sensitivity and low specificity. The high equivocation rate with mpMR in the prostate for both readers reflects the particular challenges that MR may have in this brachytherapy population due to lower lesion conspicuity in a background of post-therapy decreased T2 signal intensity, and the presence of artifacts due to seed implants and distorted prostate anatomy [20, 21] .
Our results for mpMR appear discrepant from Tamada who reported a sensitivity of 77% and a specificity of 92% in a similar group of patients an average of 30 months after brachytherapy [22] . Yet, there is a paucity of data in this regard with most mpMR studies having relatively lower inclusion of brachytherapy patients [23, 24] . Unlike for primary disease, there is no standardized PIRADS-like criteria for assessing and reporting mpMR examinations in recurrent prostate cancer [25] .
For fluciclovine PET in the prostate, these findings are in keeping with our prior reports of high sensitivity with suboptimal specificity and moderate PPV [11, 14] . While fluciclovine PET-CT should not be used alone to guide radiotherapy decisions in the prostate in nonprostatectomy patients, it may be useful to direct biopsy to the source of PSA elevation. Brachytherapy may also have exaggerated the effect of benign confounders such as inflammation and benign prostatic hyperplasia with fluciclovine [26, 27] in the prostate. It is also possible that falsely negative biopsy sampling error occurred due to post-therapy prostate distortion and the presence of brachytherapy seeds.
Though results are not directly comparable due to differences in radiotracers, study design and reference standards, our findings also mirror the results of other studies comparing mpMR with molecular imaging techniques in the detection of recurrent prostate cancer. Kitajima reported better diagnostic performance of 11 C-choline PET-CT with mpMR in the detection of lymph node metastasis with higher interobserver agreement for 11 C-Choline PET-CT [28] . In that study, sensitivity for local recurrence was higher with mpMR, and specificity was higher with 11 C-Choline PET-CT, however, the study was confined to patients who were postprostatectomy.
On a whole body basis, the detection rate of fluciclovine PET-CT was 94.7% and 31.6-36.8% for mpMR. Our high detection rate, though encouraging is likely the result of purposely aiming for higher PSA levels in the study cohort. A recent study of 68 Ga-PSMA PET-CT detection efficacy in patients with biochemical recurrence post-radiotherapy reported results similar to ours for comparable PSA levels [29] . Evangelista, in a systematic review, described detection rates of approximately 95% for 68 Ga-PSMA PET-CT compared with 80% for both 18 F-choline and 11 C-choline PET-CT at PSA levels > 2ng/ml, but lower detection rates with all the radiotracers at PSA <2ng/ml [30] . Future studies may be designed to directly compare fluciclovine and PSMA PET-CT.
The strengths of our study are the prospective trial design, multidisciplinary truth panel blinded to research imaging, and high rate of histologic verification. Yet, our study is limited by relatively small sample size. Since patients with skeletal metastases on bone scan were excluded, no conclusions should be drawn about skeletal disease detection. The interpretation of mpMR was also based on institutional clinical standards and it is possible that stricter criteria may have improved diagnostic performance. We did not design the study to examine the relative value of individual MR sequences. It is possible that utilizing an endorectal coil, higher B value averages, or 3T MR may have improved diagnostic performance for mpMR. Finally, we accepted biopsy of the prostate as the reference standard though it is possible that there was sampling error since most of the biopsies were not image-guided. Despite these limitations, we believe these data provide a good foundation for future studies.
In conclusion, for disease detection in the non-prostatectomy prostate in a majority brachytherapy population, fluciclovine PET-CT has high sensitivity at the expense of specificity, while mpMR has a higher specificity at the expense of sensitivity. For the clinical concern of extraprostatic disease, fluciclovine PET-CT has better overall diagnostic performance compared with mpMR. As a practical approach, we believe that utilizing pelvic mpMR for its superior anatomic delineation and additional specificity in the prostate with the whole body staging abilities of fluciclovine PET-CT has the potential to harness the superior qualities of each modality to improve imaging of recurrent prostate cancer.
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